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The effect of core excitation in the elastic scattering and breakup of a two-body halo nucleus
on a stable target nucleus is studied. The structure of the weakly-bound projectile is described in
the weak-coupling limit, assuming a particle-rotor model. The eigenfunctions and the associated
eigenvalues are obtained by diagonalizing this Hamiltonian in a square-integrable basis (pseudo-
states). For the radial coordinate between the particle and the core, a transformed harmonic oscil-
lator (THO) basis is used. For the reaction dynamics, an extension of the Continuum-Discretized
Coupled-Channels (CDCC) method, which takes into account dynamic core excitation and deexci-
tation due to the presence of non-central parts in the core-target interaction, is adapted to be used
along with a pseudo-states (PS) basis.
PACS numbers: 24.10.Eq, 25.60.Gc, 25.70.De, 27.20.+n
I. INTRODUCTION
Nuclei in the proximity of the proton and neutron drip-
lines are often weakly bound, or even unbound, and hence
their properties are influenced by positive-energy states.
Collisions of these systems with stable nuclei will also be
influenced by the coupling to the unbound states. This
effect was first noticed in deuteron-induced reactions, and
later observed in the scattering of other loosely bound nu-
clei, such as halo nuclei. Several formalisms have been
developed to account for the effects of the coupling to
breakup channels on reaction observables: Continuum-
Discretized Coupled-Channels (CDCC) method [1, 2],
the adiabatic approximation [3, 4], the Faddeev/AGS
equations [5, 6], and a variety of semi-classical approxi-
mations [7–12].
Typically, these approaches make use of a few-body
description of the weakly bound nucleus. Furthermore,
in their standard formulations, the constituent fragments
are considered to be inert and, therefore, possible exci-
tations of them are ignored. This is a good approxima-
tion for deuteron scattering, for which both constituents
can be considered inert at the energies of interest in nu-
clear studies, but it is questionable for more complex
systems. Moreover, bound and unbound states of the
few-body system are considered to be well described by
pure single-particle configurations. This approximation
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ignores possible admixtures of different core states in the
wave functions of the complete projectile. These admix-
tures are known to be important, particularly in the case
of well-deformed cores, as for example in the 11Be halo
nucleus.
In this work, we concentrate in two-body weakly bound
nuclei composed by a core plus a valence particle. For
such systems, core excitation effects in elastic breakup
have been recently studied with an extension of the Dis-
torted Wave Born Approximation (DWBA) formalism
which includes them within a no-recoil approximation
[13–15], referred to hereafter as no-recoil XDWBA. These
calculations have shown that core excitation effects have
a sizable influence in the magnitude of the breakup cross
sections [13, 14]. Moreover, these core excitation effects
interfere with the valence excitation mechanism, alter-
ing the diffraction pattern in the resonant breakup angu-
lar distributions [15]. This method, being based in the
Born approximation, ignores higher order effects (such as
continuum-continuum couplings) and cannot be applied
to describe the effect of breakup on elastic scattering.
The effect of core excitation in elastic scattering has
also been studied [16], using an extension of the adia-
batic model of Ref. [17]. The formalism was applied to
8B+12C, and some contributions due to 7Be core exci-
tations were found at large angles. Due to the use of
the adiabatic approximation this method is, however, re-
stricted to intermediate and high energies.
A recent attempt to incorporate core excitation ef-
fects within a full-fledged coupled-channels calculation
was done in Ref. [18], using an extended version of the
CDCC formalism (XCDCC). The method was applied to
the scattering of one-neutron halo nuclei, using deformed
valence-core and core-target potentials to account for the
core excitation mechanism. These calculations suggested
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2a very small effect of core excitation,1 in contrast with
the results of Refs. [13–15].
In this work, we revisit the formulation of the XCDCC
method of Ref. [18] and perform calculations for the elas-
tic scattering and breakup of 11Be on several targets at
low and intermediate energies. The aim of this work is to
provide an improved description of the reaction dynam-
ics, as compared to the no-recoil DWBA method and
also to pin down the effect of core excitation in elas-
tic scattering and breakup. Our description of the reac-
tion dynamics follows closely the derivation of Ref. [18],
but a new code to compute the required coupling po-
tentials has been developed in order to provide an inde-
pendent assessment of the importance of core excitation
effects in the scattering of halo nuclei. The main dif-
ference between our approach and that of Ref. [18] re-
lies on the description of the states of the weakly-bound
projectile. In [18], the wave functions for these states
were obtained by direct integration of the multi-channel
Schro¨dinger equation, subject to the appropriate bound-
ary conditions for bound or unbound states. The latter
were then grouped into bins, constructed by superposi-
tion of scattering states, following the standard average
procedure. In this work, we use instead the so-called
pseudo-state method, in which the projectile states are
approximated by the eigenstates of the Hamiltonian in a
truncated basis of square-integrable functions. Negative-
energy eigenvalues correspond to the bound states of the
system, whereas those located at positive energies, usu-
ally referred to as pseudo-states (PS), can be regarded
as a finite and discrete representation of the continuum
spectrum. The method has been successfully applied to
two- [21–23] and three-body problems [24–27]. In par-
ticular, we make use of a Transformed Harmonic Oscil-
lator (THO) basis. This basis has been applied to the
case of spherical systems [23] and also to deformed sys-
tems [28]. In both cases, the THO basis is used to de-
scribe the relative motion between the clusters and it
is obtained by applying a Local Scale Transformation
(LST) to the Harmonic Oscillator (HO) basis. The LST,
adopted from a previous work of Karataglidis et al. [29],
is such that it transforms the Gaussian asymptotic be-
havior into an exponential form, thus ensuring the cor-
rect asymptotic behavior for the bound wave functions.
The combined XCDCC+THO formalism is applied to
11Be+p, 11Be+64Zn and 11Be+208Pb reactions and the
effect of core excitation is discussed in each case (light,
medium and heavy target).
The work is structured as follows. In Sec. II we briefly
recall the THO basis used for the description of two-body
systems with core excitation. In Sec. III, the XCDCC for-
1 Some equation errors and bugs in the programming of Ref. [18]
(and subsequent related papers) were detected during the control
checks of the present work. An erratum to Ref. [18] has already
been produced by its authors [19, 20]. See also comment in Sect.
IV.A.
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FIG. 1: (Color online) Schematic sketch of the weakly-bound
projectile composed by a core (c) and a valence particle (v).
To study the scattering of the composite projectile with a
inert target, within a three-body model, the relevant coordi-
nates are the relative coordinate of the valence particle with
respect to the core (~r) and that between the center of mass
of the projectile and the target (~R). Note that the valence-
target and core-target coordinates (~rv and ~rc, respectively)
can be written in terms of ~r and ~R
malism, particularized to our basis functions, is revisited.
In Sec. IV the XCDCC+THO method is applied to sev-
eral reactions induced by the 11Be nucleus. Finally, in
Sec. V the main results of this work are summarized.
II. STRUCTURE OF THE PROJECTILE IN A
THO BASIS
In this section, we briefly review the features of the
PS basis used in this work to describe the states of a
two-body composite projectile, made of a valence particle
(v) and a core nucleus (c) (see schematic Fig. 1). The
Hamiltonian of this system, Hp, is described in the weak-
coupling limit and is written as
Hp(~r, ξ) = T (~r) + Vvc(~r, ξ) + hc(ξ), (1)
where T (~r) is the core-valence kinetic energy operator,
Vvc is the valence-core interaction, and hc(ξ) is the in-
trinsic Hamiltonian of the core.
In the calculations presented in this work, the com-
posite system (projectile) is treated within the particle-
rotor model [30]. Therefore, we assume that the core nu-
cleus has a permanent deformation which, for simplicity,
is taken to be axially symmetric. Thus, we can char-
acterize the deformation by a single parameter, β2. In
the body-fixed frame, the surface radius is parameter-
ized as R(ξˆ) = R0[1 + β2 Y20(ξˆ)], with R0 an average
radius. Starting from a central potential, V
(0)
vc (r), the
full valence-core interaction is obtained by deforming this
interaction as,
Vvc(~r, ξˆ) = V
(0)
vc
(
r − δ2Y20(ξˆ)
)
, (2)
with δ2 = β2R0, usually called deformation length.
Transforming to the space-fixed reference frame, and ex-
3panding in spherical harmonics, this deformed potential
reads (see e.g. Ref. [31])
Vvc(r, θ, φ) =
√
4π
∑
λµ
Vλvc(r)Dλµ0(α, β, γ)Yλµ(rˆ) (3)
with the radial form factors
Vλvc(r) =
λˆ
2
∫ 1
−1
Vvc (r − δ2Y20(θ′, 0))Pλ(u) du, (4)
(with u = cos θ′ and λˆ ≡ √2λ+ 1). Dλµ0(α, β, γ) is a ro-
tation matrix, depending on the Euler angles {α, β, γ}
which define the transformation from the body-fixed
frame to the laboratory frame.
The eigenstates of the Hamiltonian and their associ-
ated wavefunctions can be obtained by solving a system
of differential equations, as done in Ref. [18]. Alterna-
tively, they can be obtained diagonalizing the Hamilto-
nian matrix in a finite basis of square integrable func-
tions. In this work we use this second procedure. For
that, we choose a basis of the form:
φTHOi,α,Jp,Mp(~r, ξ) = R
THO
i,ℓ (r)
[Y(ℓs)j(rˆ)⊗ ϕI(ξ)]JpMp ,
(5)
where the label α denotes the set of quantum numbers
{ℓ, s, j, I}, with ~ℓ (valence-core orbital angular momen-
tum) and ~s (spin of the valence) both coupled to ~j (to-
tal valence particle angular momentum). The total spin
of the projectile, ~Jp, is given by the coupling between
~j and ~I (intrinsic spin of the core). The valence-core
relative motion is described by the functions RTHOi,ℓ (r)
(radial part) and Y(ℓs)j(rˆ) (spin-angular part), while the
functions ϕI(ξ) describe the core states. The functions
RTHOi,ℓ (r) are generated by applying a local scale trans-
formation (LST) to the spherical HO basis functions,
RTHOi,ℓ (r) =
√
ds
dr
RHOi,ℓ [s(r)], (6)
where RHOi,ℓ [s(r)] (with i = 1, 2, . . .) is the radial part
of the HO functions and s(r) defines the LST. For the
latter we use the analytical prescription by Karataglidis
et al. [29]
s(r) =
1√
2b
[(
1
r
)m
+
(
1
γ
√
r
)m]− 1m
, (7)
that depends on the parameters m, γ and the oscillator
length b. This transformation was shown in Ref. [29] to
depend weakly on m. The value m = 4 was proposed in
[29] and adopted here. Thus, the adopted LST depends
on γ and b. The ratio γ/b determines the range of the
basis functions and the density of eigenstates as a func-
tion of the excitation energy. As γ/b decreases, the basis
functions explore larger distances and the corresponding
eigenvalues concentrate at smaller excitation energies.
The eigenstates of the Hamiltonian (1) are expressed
as an expansion in the THO basis,
Φ
(N)
n,Jp,Mp
(~r, ξ) =
N∑
i=1
∑
α
Cni,α,Jpφ
THO
i,α,Jp,Mp(~r, ξ), (8)
where N is the number of radial functions retained in
the truncated THO basis, n is an index identifying each
eigenstate, and Cni,α,Jp are the expansion coefficients of
the pseudo-states in the truncated basis. The sum in i
can be performed to get
Φ
(N)
n,Jp,Mp
(~r, ξ) =
∑
α
u
Jp
n,α(r)
r
[Y(ℓs)j(rˆ)⊗ ϕI(ξ)]JpMp (9)
with
uJpn,α(r) = r
N∑
i=1
Cni,α,Jp R
THO
i,ℓ (r). (10)
The negative eigenvalues of the Hamiltonian (1) are iden-
tified with the energies of bound states whereas the pos-
itive ones correspond to a discrete representation of the
continuum spectrum.
III. SCATTERING FRAMEWORK
Once the projectile wave functions have been obtained,
we proceed to solve the three-body scattering problem.
The formalism has been derived and presented in detail
in Ref. [18] so we summarize here the main formulae and
adapt them to our PS scheme. We express the three-body
wave functions ΨJT ,MT in terms of the set {Φ(N)n,Jp}:
ΨJT ,MT (~R,~r, ξ) =
∑
β
χJTβ (R)
[
YL(Rˆ)⊗ Φ(N)n,Jp(~r, ξ)
]
JT ,MT
,
(11)
where, in addition to the projectile coordinates ~r and ξ,
we have the relative coordinate ~R between the projectile
center of mass and the target (assumed to be structure-
less), see Fig. 1. The different quantum numbers are
labeled by β = {L, Jp, n}, where ~L (projectile-target or-
bital angular momentum) and ~Jp both couple to the total
spin of the three-body system ~JT . The spin of the target
is ignored for simplicity of the notation.
The radial coefficients, χJTβ (R), from which the scatter-
ing observables are extracted, are calculated by inserting
(11) in the Schro¨dinger equation, giving rise to a sys-
tem of coupled differential equations. The main physical
ingredients of these coupled equations are the coupling
potentials:
UJTβ,β′(R) = 〈β; JT |Vct(~R,~r, ξ) + Vvt(~R,~r)|β′; JT 〉, (12)
where we follow the notation used in Ref. [18],
〈Rˆ, ~r, ξ|β; JT 〉 =
[
YL(Rˆ)⊗ Φ(N)n,Jp(~r, ξ)
]
JT
. (13)
4The valence particle-target interaction (Vvt) is as-
sumed to be central, and will be represented by a phe-
nomenological optical potential describing the valence
particle-target elastic scattering at the appropriate en-
ergy per nucleon. On the other hand, the core-target
interaction is assumed to contain a non-central part, re-
sponsible for the dynamic core excitation/deexcitation
mechanism. In general, this interaction can be expressed
in the multipolar form:
Vct(~R,~r, ξ) = Vct(~rc, ξ) =
√
4π
∑
Qq
VQq(rc, ξ) YQq(rˆc),(14)
where ~rc = ~R− a~r (see Fig. 1), with a = mv/(mv +mc)
(mc and mv denote the core and valence particle masses,
respectively).
In some models, such as in the rotational model as-
sumed here, the multipole terms VQq(rc, ξ) factorize into
a radial part and a structure part, i.e.,
Vct(~R,~r, ξ) =
√
4π
∑
Qq
VQct(rc) T ∗Qq(ξ) YQq(rˆc). (15)
Note that Vct(~R,~r, ξ) will contain, in general, both
Coulomb and nuclear parts so, in this formalism, both
interactions are treated simultaneously. The matrix ele-
ments (12) were explicitly evaluated in Ref. [18], giving
rise to the expression
UJTβ:β′(R) = LˆLˆ
′JˆpJˆ ′p(−1)Jp+JT
∑
Λ
(−1)ΛΛˆ2
×
(
Λ L L′
0 0 0
){
Jp J
′
p Λ
L′ L JT
}
FΛJpn:J′pn′(R) .
(16)
The form factors, FΛJpn:J′pn′(R) are given by
FΛJpn:J′pn′(R) =
∑
KQλα,α′
RKQλαn:α′n′(R) PKQλ:Λα:α′ , (17)
with the radial integral:
RKQλαn:α′n′(R) = Kˆ
∫
uJp∗n,α(r)VQKct (r, R)
×Rλ(ar)Q−λuJ
′
p
n′,α′(r)dr , (18)
where
VQKct (r, R) =
1
2
∫ +1
−1
VQct(rc)
rQc
PK(u)du ; u = Rˆ · rˆ . (19)
The coefficients PKQλ:Λα:α′ are explicitly written as
PKQλ:Λα:α′ = (−1)j
′+ℓ+ℓ′+s+QQˆ2Kˆjˆjˆ′ℓˆℓˆ′
×
(
K λ Λ
0 0 0
)√
(2Q)!
(2λ)![2(Q− λ)]! 〈I‖TQ(ξ)‖I
′〉
×
∑
Λ′
Λˆ′2
(
K Q− λ Λ′
0 0 0
)(
Λ′ ℓ ℓ′
0 0 0
)
×
{
Λ′ Λ Q
λ Q− λ K
}{
j j′ Λ′
ℓ′ ℓ s
}

Jp J
′
p Λ
j j′ Λ′
I I ′ Q

 ,
(20)
which, in addition to geometric coefficients, contain the
structure reduced matrix elements 〈I‖TQ(ξ)‖I ′〉. Specific
models enter into these expressions through the radial
form factors VQct(rc) and the structure reduced matrix el-
ements. We give explicit expressions of these magnitudes
for the model used in the calculations presented in this
work.
For the Coulomb part of the core-target interaction,
we use the usual multipole expansion
V coulct (~rc, ξ) =
∑
Q,q
4π
2Q+ 1
Zte
rQ+1c
M(EQq) YQq(rˆc),
(21)
where M(EQq) is the multipole electric operator. Com-
paring with the general expression (14) we have
VQq(rc, ξ) ≡
√
4π
2Q+ 1
Zte
rQ+1c
M(EQq). (22)
For the nuclear part of the core-target interaction,
we follow the same approach as for the valence-core in-
teraction, that is, we start with a central interaction,
V
(0)
ct (rc), that is deformed assuming a quadrupole defor-
mation characterized by a deformation length δ2. The
resulting potential is expanded in spherical harmonics
and transformed to the laboratory frame, giving rise to
the result analogous to that of Eq. (3)
V nucct (rc, θ, φ) =
√
4π
∑
Qq
VQct(rc) DQq0(α′, β′, γ′) YQq(rˆc)
(23)
with {α′, β′, γ′} the corresponding Euler angles and the
radial form factors
VQct(rc) =
Qˆ
2
∫ 1
−1
V nucct (rc − δ2Y20(θ′, 0))PQ(u) du, (24)
with u = cos(θ′). Comparing with Eq. (15) we have
TQq ≡ DQ∗q0 . The reduced matrix elements of this op-
erator are to be calculated between rotational states be-
longing to a rotational band characterized by a projection
along the symmetry axis K. Explicitly (see e.g. [32]):
〈KI‖DQ∗‖KI ′〉 = Iˆ ′〈I ′KQ0|IK〉, (25)
where the convention of Bohr and Mottelson [30] for re-
duced matrix elements has been assumed.
5IV. APPLICATION TO 11BE REACTIONS
As an illustration of the formalism presented in the
preceding sections, we consider the scattering of the halo
nucleus 11Be on 1H, 64Zn and 208Pb targets, comparing
with available data for these reactions. The bound and
unbound states of the 11Be are known to contain sig-
nificant admixtures of core-excited components [33–35],
and hence core excitation effects are expected to be im-
portant. This has been in fact confirmed in the case of
resonant breakup of this nucleus on 1H [13, 14] and 12C
targets [15], using the no-recoil XDWBA method.
As in previous works [13], the 11Be structure is de-
scribed with the particle-rotor model of Bohr and Mot-
telson with the Hamiltonian of Ref. [36] (model Be12-
b), which consists of a Woods-Saxon central part, with
a fixed geometry (R = 2.483 fm, a = 0.65 fm) and
a parity-dependent strength (Vc = −54.24 MeV for
positive-parity states and Vc = −49.67 MeV for negative-
parity ones). The potential contains also a spin-orbit
term, whose radial dependence is given by the deriva-
tive of the central Woods-Saxon part, and strength
Vso = 8.5 MeV. For the
10Be core, this model assumes
a permanent quadrupole deformation β2=0.67, (i.e. δ2 =
β2R=1.664 fm). Only the ground state (0
+) and the
first excited state (2+, Ex = 3.368 MeV) are included
in the model space. For the valence-core orbital angular
momentum, we consider the values ℓ ≤ 3.
The particle-rotor model that we assumed may seem
unrealistic, but it has been proved to provide a reason-
able description of 11Be [13, 37, 38] and other nuclei, such
as several odd carbon isotopes [18, 37, 39]. More realistic
descriptions of 11Be have indeed been proposed in the lit-
erature (see e.g. Refs. [40–42]) but the use of these more
sophisticated structure models would make the evalua-
tion of the coupling potentials much more involved (this
can be seen for example in the microscopic cluster model
recently applied to the description of the scattering of
7Li [43]). For the purpose of the present work, we be-
lieve that the assumed rotor model provides a simple but
still reliable choice.
To generate the THO basis for all the studied cases
here, we use the LST of Eq. (7) with m = 4 and b =
1.6 fm. The number of oscillator functions N, and the γ
parameter are determined specifically for each reaction,
and will be specified below.
A. Application to 11Be+ p resonant breakup
We first apply the XCDCC + THO method to the
breakup of 11Be on a proton target at 63.7 MeV/nucleon
and compare with the data of [44]. The measured data
consist in angular distributions for two intervals of the
neutron−10Be core energy: (i) Erel=0–2.5 MeV and (ii)
Erel=2.5–5.0 MeV. The first interval contains a narrow
5/2+ resonance at Erel=1.28 MeV [45]. This resonance
has a dominant 10Be(0+)⊗ν1d5/2 parentage and a small
10Be(2+) ⊗ ν2s1/2 component. The cross section for
the second interval contains presumably contributions
coming from several resonances, namely, Ex=2.64 MeV
(3/2−), 3.40 MeV (3/2−, 3/2+), 3.89 MeV (5/2−), and
3.95 MeV (3/2−) [45]. Previous calculations [13, 14],
based on the no-recoil XDWBA method, showed indeed
that the main contribution to the lower energy angu-
lar distribution arises from the single-particle excitation
mechanism populating the 5/2+1 resonance, whereas for
the higher energy angular distribution the main contri-
bution comes from the excitation of the 3/2+1 resonance
due to the collective excitation of the 10Be core.
We repeat the calculations of Refs. [13, 14] using the
more sophisticated XCDCC formalism for the reaction
dynamics, and the THO PS basis for the 11Be states. The
LST was generated with the parameter γ = 1.6 fm1/2.
The number of oscillator functions was N=14. Contin-
uum states with Jp = 1/2
±, 3/2± and 5/2+ were found
to be enough for convergence of the calculated observ-
ables. The proton-neutron interaction was represented
by a simple Gaussian interaction derived in Ref. [14],
while for the core-target potential we used the CH89
optical model parametrization [46], but modifying the
real and imaginary depths in order to reproduce the ex-
perimental available elastic and inelastic data of 10Be+p
at 59.2 MeV/nucleon [47]. In order to reproduce the
magnitude of the inelastic data, this potential required
a deformation length of δ2 = 1.9 fm, which is some-
what larger than the deformation used in our adopted
rotor model for 11Be, but consistent with the values ex-
tracted in the DWBA analysis done in [47] for the same
data. For the nuclear part, both monopole Q = 0 and
quadrupole Q = 2 terms were included. For the Coulomb
part, following the expression given in (21), both terms
are also considered even though the Q = 0 term gives
the main contribution for such a light system. The value
of 〈0+‖M(E2)‖2+〉 was derived from the experimental
value of B(E2; 0+ → 2+) = 53(6) e2fm4 [48]. The reori-
entation term 2+ ↔ 2+ was also included, and the value
of the reduced matrix element 〈2+‖M(E2)‖2+〉 was de-
rived from the computed value of 〈0+‖M(E2)‖2+〉, as-
suming that the 0+ and 2+ states of 10Be are members
of the same rotational band with Kπ = 0+.
The results of these calculations are shown in Fig. 2.
The solid line corresponds to our full coupled-channels
calculation, including couplings to all orders. Consider-
ing the experimental error bars, the agreement with the
data is fairly reasonable for both energy intervals, ex-
cept for the first data point in the higher energy interval.
These results are qualitatively similar to those found in
Refs. [13, 14] using the no-recoil XDWBA approach.
To illustrate the importance of higher-order effects, we
include also the first-order calculation assuming a one-
step breakup mechanism (dashed lines). Differences be-
tween the latter and the full calculations are small but
not negligible, indicating that, even at these relatively
high incident energies, higher order effects are significant
and hence an accurate description of these reactions re-
6quire going beyond the simpler DWBA approximation.
We also include the results obtained omitting the Q = 2
term in the nuclear part of the core-target interaction,
but keeping the deformation in the neutron-core interac-
tion (dotted line). This result differs significantly from
the full calculation, indicating very clearly the sizable
effect of the dynamic core excitation mechanism during
the collision. The difference is particularly noticeable in
the higher energy interval, due to fact that this inter-
val is dominated by the 3/2+ resonance, which is mostly
populated by a core excitation mechanism [13].
It is worth noting that our results differ qualitatively
from those performed in Ref. [49] for the same reaction,
using also the XCDCC formalism, but with a binning
discretization scheme. In benchmarking the results of
the present work with those from [49] several mistakes
were found in the equations of that reference, as well as
in their numerical implementation. These mistakes result
in a significant underestimation of core excitation effects
[19, 20]. In addition, some differences are expected due
to the different choice of the p-n interaction.
We have studied also the dependence of the core exci-
tation effect with the incident energy. For this, we have
performed additional XCDCC calculations for the same
reaction at 10 MeV/nucleon and 200 MeV/nucleon. At
both energies, we use the CH89 parametrization for the
10Be+p interaction. Because of the lack of experimental
data at those energies, we keep the deformation length
obtained from the fit of the inelastic data performed at
59.2 MeV (δ2 = 1.9 fm), and adjust the potential depths
in order to reproduce the elastic and inelastic scattering
of 10Be+p obtained with a microscopic folding potential,
generated with the JLM interaction and transition den-
sities from antisymmetrized molecular dynamics (AMD)
calculations (see Ref. [50] for a similar approach). The
results are shown in Fig. 3. The calculations shown in
the middle panels are just the same as those shown in
Fig. 2, but are included here to facilitate the compari-
son using a wider angular range. One can see that the
core excitation energy is important at the three incident
energies, particularly in the region containing the 3/2+
resonance.
B. Application to 11Be+ 64Zn elastic and breakup
As a second example, we consider the 11Be+ 64Zn reac-
tion at 28.7 MeV. Quasi-elastic (elastic + inelastic) and
inclusive breakup data from this reaction have been re-
ported in Ref. [51] and have been analyzed within the
standard CDCC framework in several works [52–54].
We compare these data with XCDCC calculations. For
the neutron-target interaction, we used the same optical
potential used in Ref. [53]. For the 10Be+ 64Zn inter-
action, we started from the optical potential derived in
Ref. [51] from a fit of the elastic scattering data for this
system. To account for the core excitation mechanism,
this potential is deformed with the same deformation
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FIG. 2: (Color online) Differential breakup cross sections,
with respect to the outgoing 11Be∗ c.m. scattering angle, for
the breakup of 11Be on protons at 63.7 MeV/nucleon. Up-
per and bottom panels correspond to the neutron-core rela-
tive energy intervals Erel=0–2.5 MeV and Erel=2.5–5 MeV,
respectively.
length used in the structure model, i.e., δ2 = 1.664 fm.
Coulomb multipoles (monopole and quadrupole) were
also included, as in the previous case, according to the
expansion (21). To recover the description of the 10Be+
64Zn elastic data, once these additional couplings are
included, the optical potential depths were readjusted,
giving rise to the modified values V0 = −84.5 MeV and
Wv = −34.1 MeV, for the real and imaginary parts, re-
spectively.
For the 11Be projectile, continuum states up to Jp =
7/2 (both parities) were included. These states were ob-
tained by diagonalizing the 11Be Hamiltonian in a THO
basis with N = 10 radial functions, ℓ ≤ 3 and I = 0, 2.
For the LST, the parameter γ = 1.8 fm1/2 was used,
although additional tests were done with other choices
to verify the independence and stability of the results
with respect to parameters b and γ. After diagonaliza-
tion, only eigenstates below 13 MeV were retained for the
coupled-channels calculations. We verified that including
eigenstates up to 14 MeV had a very small effect on the
studied observables.
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FIG. 3: (Color online) Energy dependence of the core exci-
tation effects in the breakup of 11Be on protons. The top,
middle and bottom rows correspond to the bombarding ener-
gies 10, 64 and 200 MeV/nucleon, respectively. The left and
right panels are for the neutron-core energy intervals Erel=0–
2.5 MeV and Erel=2.5–5 MeV, respectively. In each panel,
the solid line is the full XCDCC calculation, whereas the dot-
ted line is the XCDCC calculation without deformation in the
p+10Be potential.
The calculated differential quasi-elastic cross section
is compared with the data in Fig. 4. The dotted line
is the XCDCC calculation neglecting the coupling to
the breakup channels, that is, including only the 11Be
ground-state and first excited state. As expected, this
calculation largely fails to describe the data. The solid
line is the full XCDCC calculation. This calculation
describes well the data in the full angular range. We
have also included the result obtained with the standard
CDCC calculation from Ref. [53]. Except for some small
differences around θc.m. ≈ 30◦ turn out to be very similar.
Although the data of Ref. [51] did not provide the sep-
arate contribution of the inelastic cross section for the
1/2− bound state at Ex = 320 keV, it is worth com-
paring the values computed with the two methods. In
the CDCC calculations of Ref. [53], the total inelas-
tic cross section for the population of this state was
about 750 mb, whereas in the XCDCC calculation this
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FIG. 4: (Color online) Quasi-elastic differential cross section,
relative to Rutherford, for the scattering of 11Be on 64Zn at
Elab=28.7 MeV. The (red) dot-dashed line is the standard
CDCC calculation, without core excitation, from Ref. [53].
The blue solid line is the XCDCC calculation. The dotted
line is the XCDCC calculation neglecting the coupling to the
breakup channels. Experimental data are from Ref. [51].
value is reduced to ∼566 mb. The difference can be
understood comparing the values of the electric transi-
tion probability B(E1; g.s. → 1/2−) for these two mod-
els. The single-particle model used in Ref. [53] yields
B(E1; g.s.→ 1/2−) = 0.260 e2fm2, whereas for the PRM
model used here it is B(E1; g.s.→ 1/2−) = 0.140 e2fm2.
This value is in better agreement with the experimental
one, B(E1; g.s.→ 1/2−) = 0.116 e2fm2 [55], so we expect
that the inelastic cross section calculated with XCDCC
be more realistic than that obtained with the standard
CDCC method.
The same experiment also provided the inclusive 10Be
angular distribution. In Fig. 5 we compare the data from
Ref. [51] with the present XCDCC calculations and the
standard CDCC calculations from Ref. [53]. It is worth
noting that the data are referred to the 10Be labora-
tory angle. The calculation of this observable within
the XCDCC framework would require an appropriate
kimematical transformation, similar to that developed in
Ref. [56] for the standard CDCC method, but this for-
malism is not yet available for XCDCC. Consequently, we
perform an approximate transformation, approximating
the 10Be scattering angle by the 11Be∗ scattering angle.
The XCDCC calculation is found to be larger than the
CDCC result. This increase improves the agreement with
the data of Ref. [51] although some underestimation is
still observed. This remaining discrepancy could be due
to the limitations of the 11Be model used in the XCDCC
calculations, but also to the contribution of non-elastic
breakup events in the data. It is worth noting that the
CDCC and XCDCC methods provide only the so-called
elastic breakup component, that is, the projectile disso-
ciation in which both the neutron and core survive and
the target is left in the ground state. However, since the
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FIG. 5: (Color online) Differential cross section, as a function
of the laboratory angle, for the 10Be fragments resulting from
the breakup of 11Be on 64Zn at Elab=28.7 MeV. The (red)
dashed line is the standard CDCC calculation, without core
excitation, from Ref. [53]. The blue solid line is the XCDCC
calculation. Experimental data are from Ref. [51].
neutrons were not detected in the experiment of Ref. [51],
the data might contain also contributions from other pro-
cesses involving the absorption of the neutron by the tar-
get and/or the target excitation.
In the case of 11Be+p breakup at intermediate ener-
gies, we found that the deformed part of the core-target
interaction gives rise to an increase of the breakup cross
sections. Now we study the effect of these terms in the
11Be+64Zn case. For this purpose, we compare in Fig. 6
the full XCDCC calculation, described above, with an-
other XCDCC calculation, in which the 10Be+64Zn po-
tential is described with the central optical potential of
Refs. [51, 53]. Both calculations give almost identical re-
sults for the quasi-elastic and breakup data. This result
indicates that, at these low incident energies (a few MeV
per nucleon) and for medium-mass targets, the dynamic
core excitation effect due to the core-target potential is
well represented by an optical potential describing the
corresponding elastic data. Consequently, at these ener-
gies, the main effect of core excitation comes from the
admixtures of core-excited components in the projectile
wave functions.
C. Application to 11Be+ 208Pb breakup
As a final example, we consider the reaction of 11Be on
a 208Pb target. This reaction has been measured by sev-
eral groups [57–59] at intermediate energies (several tens
of MeV per nucleon) with the aim of obtaining informa-
tion on the dipole Coulomb response of 11Be as well as
on the amount of s-wave component in the ground state.
We have performed XCDCC calculations at 69 MeV/u,
which corresponds to the energy of the experiment per-
formed at RIKEN by Fukuda et al. [59].
Continuum states with Jp=1/2
±, 3/2± and 5/2+ were
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FIG. 6: (Color online) Quasi-elastic differential cross section
(top) and breakup differential cross section (bottom) for 11Be
on 64Zn at Elab=28.7 MeV, compared with XCDCC calcula-
tions, for different choices of the 10Be+64Zn potential. See
text for further details.
considered (test calculations revealed that the effect of
the 5/2− states is negligible for the studied angles).
These states were generated with a THO basis with
N = 15 states and γ = 1.8 fm1/2 (b = 1.6 fm as in the
preceding cases). After diagonalization, all eigenstates
below 8 MeV were retained for the coupled-channels cal-
culation.
For the neutron-target interaction we used the
parametrization of Koning and Delaroche [60]. The cen-
tral part of the core-target potential was taken from
Ref. [61] (first line of Table III). As in the previous case,
this potential is deformed with a deformation length of
δ2 = 1.664 fm. At these relatively high energies the
breakup process is essentially a one-step mechanism con-
necting the ground state directly with the breakup chan-
nels. Moreover, at the very forward angles measured in
the experiment of Ref. [59] one expects that the breakup
is largely dominated by the dipole Coulomb couplings.
Consequently, at these angles the most strongly cou-
pled breakup states will be the 1/2− and 3/2−. These
states cannot be populated by the dynamic core excita-
tion mechanism in first order since the quadrupole na-
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FIG. 7: (Color online) Breakup differential cross section for
11Be on 208Pb at Elab=69 MeV/nucleon, integrated in the n-
10Be relative energy up to 5 MeV. The data are from Ref. [59].
The lines are XCDCC calculations described in the text. The
full calculation (solid line) has been convoluted with the ex-
perimental angular resolution for a meaningful comparison
with the data.
ture of these excitation connects the ground state with
positive parity continuum states. As a result, for this
reaction (and in general for other reactions induced by
weakly-bound nuclei on heavy targets) the main core-
excitation effect is due to the presence of core-excitation
admixtures in the projectile states.
The XCDCC calculations are compared with the data
of Ref. [59] in Fig. 7. The solid line is the full calcula-
tion. Since the experimental distribution was integrated
for relative n-10Be energies below 5 MeV, the theoreti-
cal result was obtained adding the angular distributions
for positive-energy pseudo-states lying below this energy.
The final distribution was convoluted with the experi-
mental energy resolution quoted in [59]. This calculation
is found to be in very good agreement with the data (solid
line in Fig. 7). It is worth noting that no scaling factor is
introduced in the calculation. The analysis of this kind
of experiments is usually done assuming single-particle
states for the initial and final states. The final result
is then renormalized by a scaling factor which, in the
present case, can be interpreted as the spectroscopic fac-
tor for the 10Be⊗ s1/2 configuration in the ground-state
wavefunction. In our calculations, this spectroscopic fac-
tor is already included in the description of the ground-
state wavefunction.
To illustrate the dominance of the dipole excitation
mechanism, we have plotted also in Fig. 7 the separate
contribution of the 1/2±, 3/2± and 5/2+ states. It can
be seen that, at sufficiently small angles, the breakup is
largely dominated by the coupling to the dipole states
and, in particular, to the 3/2− states.
This dominance of the dipole Coulomb couplings sup-
ports the procedure followed in Ref. [59] to extract the
B(E1) response of the 11Be nucleus from the analy-
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FIG. 8: (Color online) Dipole strength distribution for 11Be
deduced from Coulomb breakup experiments: diamonds [57],
squares [58], circles [59] and from the PRM model of Ref. [36].
The latter has been convoluted with the energy resolution
corresponding to the experiment of Ref. [59].
sis of these exclusive breakup data. In Ref. [59] this
was done comparing the breakup data with first-order
semiclassical calculations. The extracted B(E1) distri-
bution, quoted from Ref. [62], is compared in Fig. 8
with the theoretical B(E1) distribution obtained with
the PRM model adopted in our XCDCC calculations
(solid line). We include also the experimental distribu-
tions from Refs. [57, 58] deduced from similar Coulomb
dissociation experiments. It is seen that the theoretical
B(E1) distribution agrees very well with the experimen-
tal B(E1) distribution from Ref. [59], and this explains
also the good agreement in the corresponding breakup
cross sections.
V. SUMMARY AND CONCLUSIONS
To summarize, we have studied the scattering of a two-
body halo nucleus (core plus a valence particle) on an in-
ert target within an extended version of the Continuum-
Discretized Coupled-Channels (XCDCC) formalism. The
method takes into account the effect of core excitation in
the structure of the projectile, by allowing the inclusion
of core-excited components in the projectile states, and
also in the dynamics of the reaction, by allowing core
excitation and deexcitation during the collision.
The projectile states are described in the weak-
coupling limit. Thus, the states of the composite system
are expanded as a superposition of products of single-
particle configurations and core states. The energies
and wavefunctions of the projectile are calculated using
the pseudo-state (PS) method, that is, diagonalizing the
model Hamiltonian in a basis of square-integrable func-
tions. For the relative motion between the valence par-
ticle and the core, we use the analytical Transformed
Harmonic Oscillator (THO) basis used in previous works
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[28].
The method has been applied to the scattering of 11Be
on several targets. The 11Be nucleus is described in a
simple particle-rotor model, in which the 10Be core is
assumed to have a permanent axial deformation with
β2 = 0.67 [36]. The core-target interaction is obtained
by deforming a central phenomenological potential.
To study the dependence of core excitation on the tar-
get mass, we have performed calculations for three dif-
ferent targets: 1H, 64Zn and 208Pb at incident energies
for which experimental data exist.
In the 11Be+p reaction, the calculations reproduce
well the breakup data from Shrivastava et al. [44] corre-
sponding to an incident energy of 64 MeV/nucleon. The
XCDCC results are qualitatively similar to those found in
previous studies, using a no-recoil XDWBA approxima-
tion [13, 14]. In particular, we confirm the importance
of the dynamic core excitation mechanism, due to the
non-central part of the core-target interaction, for the
excitation of the low-lying 5/2+ and 3/2+ resonances.
Moreover, higher order couplings are found to be non
negligible and, therefore, should be taken into account
for an accurate description of similar reactions. In par-
ticular, inclusion of breakup beyond first order is found
to improve the agreement in the absolute cross section at
excitation energies around the 5/2+1 resonance.
The 11Be+64Zn reaction has been studied at 28.7 MeV,
for which quasi-elastic and inclusive breakup data are
available [51]. The experimental quasi-elastic cross sec-
tions are well reproduced at all angles, except for some
slight overestimation at θc.m ≈ 30◦. The XCDCC result
turns out to be very close to the standard CDCC calcu-
lation from Ref. [51]. On the other hand, the inclusive
breakup cross sections are larger than those found in the
standard CDCC calculations, being in better agreement
with the data from Ref. [51]. For this medium-mass tar-
get, the dynamic core excitation mechanism is found to
be small and the full calculations can be simulated using
a central core-target potential fitted to the 10Be+64Zn
elastic data.
Finally, we have presented calculations for the
11Be+208Pb reaction at 69 MeV/u. The calculated
breakup angular distribution is found to reproduce very
well the data from Ref. [59]. For this heavy target, and at
very small angles, the breakup is dominated by the dipole
Coulomb couplings connecting the ground state with the
dipole (1/2− and 3/2−) continuum states. In our model,
these states cannot be populated by a direct core exci-
tation mechanism, and hence core excitation enters only
through the admixture of different core and valence con-
figurations in the projectile wavefunctions. These admix-
tures are nevertheless very important to account for the
correct normalization of the data.
Summarizing, the effect of core-excitation in the struc-
ture is found to be important for all targets. However,
the dynamic core excitation mechanism is important for
light targets (for which the dipole excitations are small
compared to the quadrupole collective excitations of the
core) at all incident energies explored here. Although all
the calculations presented in this work have been per-
formed for the 11Be nucleus, we believe that the results
are extrapolable to other weakly-bound nuclei and, con-
sequently, the effects discussed here should be taken in
consideration for an accurate description and interpreta-
tion of the data.
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